Introduction {#s1}
============

Minipigs (*Sus scrofa*) are considered a suitable animal species for modeling human diseases, because they are more similar to humans in anatomy, physiology, and biochemistry than rodents \[[@r7],[@r8],[@r9], [@r13], [@r17], [@r19], [@r21]\]. Additionally, the pig brain is largely compatible with the human brain when using imaging modalities such as MRI and PET-CT to identify structural and functional changes. Furthermore, advanced cognition and the capacity for complex behaviors enable translational behavioral research using pig models \[[@r13]\]. Moreover, in comparison with non-human primates such as monkeys, pigs have considerable advantages related to political, ethical, and economic issues; additionally, homogeneous inbred laboratory breeds are available, and housing and handling are relatively easy \[[@r12], [@r17]\].

Since the relationship between 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and human parkinsonism became evident \[[@r4], [@r14]\], MPTP has been widely used to induce animal models of Parkinson's disease in diverse species such as rodents, cats, monkeys, and pigs \[[@r7],[@r8],[@r9], [@r19], [@r21], [@r25]\]. Systemic administration of MPTP, which is metabolized to 1-methyl-4-phenylpyridinium ion (MPP+) by monoamine oxidase B, selectively damages the nigrostriatal dopaminergic neurons responsible for movement control \[[@r4], [@r15], [@r16]\].

Previous studies using minipigs to model MPTP-induced parkinsonism have revealed the impairment of nigrostriatal dopamine pathway by biochemical, histological, and PET imaging analyses \[[@r7],[@r8],[@r9], [@r19], [@r21]\]. Furthermore, these studies demonstrated parkinsonian symptoms based on qualitative behavioral observations or manually scored rating scales \[[@r7],[@r8],[@r9], [@r19], [@r21]\]. However, to measure the behavioral alterations of an MPTP-induced Parkinson's disease minipig model, it is necessary to quantify behavioral parameters more objectively, accurately, and reliably. In the present study, we used an automated video-based tracking system that was developed for behavioral quantification in rodents \[[@r1], [@r5], [@r26]\], which enables long-term follow-up and prevents the observer error or subjective rating.

Several MPTP administration methods and dosing regimens have been investigated in species such as rodents and primates, with the aim of discovering the best model of human parkinsonism \[[@r2], [@r28]\]. For example, in nonhuman primates, the severity of parkinsonism varies depending on the route, dose, and frequency of MPTP administration \[[@r11]\]. Therefore, long-term monitoring is important, and MPTP administration methods and dosing regimens should be modified by species, body weight, and age in order to accurately model parkinsonian symptoms. This necessity is evident from findings that some strains of mice are resistant to MPTP-induced parkinsonism \[[@r20], [@r28]\].

In this pilot study, we aimed to quantify the locomotor behavior in minipigs, using an automated video-based tracking system. We also validated its sensitivity to detect changes in varied MPTP administration strategies.

Materials and Methods {#s2}
=====================

Experimental animals
--------------------

We studied mature male KSP minipigs (n=3) developed by Futuristic Animal Resource & Research Center (FARRC) \[[@r29]\], that were 14--18 months of age and weighed between 23--29 kg ([Table 1](#tbl_001){ref-type="table"}Table 1.The minipigs and experimental design in this studyLabelIDSexBW\
(kg)Age\
(months)Injection\
routeDose\
(mg/kg)Injection\
timesInjection\
periodTotal dose\
(mg/kg)G11-3-006male2918SC13/week7 weeks21G23-3-018male2718SC11/week3 weeks3G33-4-001male2314IV11/week4 weeks4ID, identification; BW, body weight; SC, subcutaneously; IV, intravenously., [Supplementary Fig. 1A](#pdf_001){ref-type="supplementary-material"}). The minipigs were maintained in indoor stainless pens at the FARRC under controlled environmental conditions including temperature of 21 ± 2°C, a relative humidity of 50 ± 5%, a light intensity of 300 lux, ventilation at 10--20 times per h. The minipigs were fed a commercial pellet intended for laboratory pigs (Purina \#238075, Cargill, Dangjin, Korea) with supplemented of vitamins, amino acid and minerals. Probiotics and prebiotics therapy were also performed for all animals. In pens, there were hanging chains and balls for improved environmental enrichments. Animal health including virus and bacterial infections were periodically monitored and managed by swine veterinary experts. Experiment were performed in accordance with the Guide for the care and use of laboratory Animals published by the National Institutes of Health. All procedures were approved by the KRIBB Institutional animal care and use committee (Approval No. KRIBB-AEC-15122).

MPTP administration
-------------------

MPTP (1 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in saline to a final concentration of 10 mg/ml and injected subcutaneously (SC) between the left and right tits or intravenously (IV) in an ear vein, based on previous studies of minipigs \[[@r7],[@r8],[@r9], [@r19]\] ([Supplementary Figs. 1C and D](#pdf_001){ref-type="supplementary-material"}). The experimental design for MPTP administration is outlined in [Table 1](#tbl_001){ref-type="table"}.

Measurement of locomotion using a video-tracking system
-------------------------------------------------------

Each minipig was placed in an open-field testing arena (2.2 m × 3.2 m) in a room equipped with a CCD camera positioned at the center of the ceiling. The camera was connected to a computer in another room ([Supplementary Fig. 1B](#pdf_001){ref-type="supplementary-material"}). Locomotion was measured by a computerized video tracking system (SMART 3.0, Panlab SL, Barcelona, Spain) that is commonly used in rodent studies \[[@r6], [@r26]\]. The minipigs were habituated to the testing environment over a period of 2 weeks and had 30 min to acclimate to the testing arena on the day of testing. Testing took place between 13:00--17:00, in order to avoid mealtime. Trials were performed in 60 min, with video recording and measurement occurring after configurations such as the contrast and threshold value recordings. The baseline recordings consisted of a trial every 2--3 days, for 2 weeks after habituation was completed, and the data from these trials were averaged. During the period of MPTP administration, testing consisted of 3 consecutive trials: before 0--1 h, after 0--1 h, and after 1--2 h. The arena floor was washed with tap water and swept after each minipig completed testing. The testing arena was digitally divided into 12 equal zones ([Supplementary Fig. 1B](#pdf_001){ref-type="supplementary-material"} and [Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Acute effects of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) on spontaneous ambulation during 3 different administration protocols in minipigs. MPTP (1 mg/kg) was administered subcutaneously 3 times per week (top), once per week (middle), and intravenously once per week (bottom). The test arena was divided into 12 equal zones. The trajectory was tracked for a 45 min period during the middle of each 60 min trial (upper: 2D, lower: 3D, in each panel). Three consecutive trials were conducted: before 0--1 h, after 0--12 h, and after 1--2 h of MPTP administration (left to right in each panel).). Further data analyses were conducted using the middle 45 min recording section from each trial. Five categories of behavior were measured: trajectory of ambulation, total distance (cm), number of zone transitions (the number of zones in which the minipig's center of mass entered), velocity (cm/s), and the ratio of immobile (resting) duration to slow and fast moving duration (resting \<0.1 cm/s, slow 0.1--10 cm/s, fast \>10 cm/s). The threshold was configured based on the minipig's moving speed pattern. To minimize tracking errors, anti-vibration and artifact rejection filters were applied, thereby producing minimal variation in the center of mass.

Results {#s3}
=======

Acute effects of MPTP on spontaneous ambulation
-----------------------------------------------

The acute effects of MPTP on spontaneous ambulation were evaluated using trajectory data. In all 3 different administration methods, ambulation decreased immediately after MPTP injection (0--1 h). This decrease was more prominent with IV administration compared to SC administration ([Fig. 1](#fig_001){ref-type="fig"}). However, trajectory values were low in all minipigs 1--2 h following MPTP administration. During this period, the peaks of the 3D graphs demonstrate that the minipigs typically remained in a corner of the arena ([Fig. 1](#fig_001){ref-type="fig"}) and exhibited reduced locomotor activity ([Fig. 2D](#fig_002){ref-type="fig"}Fig. 2.Representative images to show normal posture standing straight with elevated head, and normal locomotor activity with movement around the test arena (A, C). Flexed posture with bent head and hind limbs, and reduced locomotor activity while remaining in a corner of the test arena 1--2 h following MPTP administration in the G3 minipig (B, D).). Furthermore, all minipigs had an abnormally flexed posture with bent heads and hind limbs ([Fig. 2B](#fig_002){ref-type="fig"}), although normal posture with elevated heads ([Fig. 2A](#fig_002){ref-type="fig"}) and typical locomotor activity ([Fig. 2C](#fig_002){ref-type="fig"}) was observed before MPTP administration.

Subacute effects of MPTP on the total distance travelled, number of zone transitions, velocity, and the ratio of movement speeds
--------------------------------------------------------------------------------------------------------------------------------

In order to further assess locomotor behavior during 3 different MPTP administration protocols, the total distance travelled, number of zone transitions, velocity, and the ratio of movement speeds (resting, slow, fast) were measured. The total distance travelled, number of zone transitions, and velocity were greatly reduced at every MPTP administration in all the minipigs. The average total distance travelled was reduced by 74% (range 65--94%) in G1, 75% (range 53--91%) in G2, and 89% (range 74--100%) in G3, compared to their respective baseline ([Fig. 3A](#fig_003){ref-type="fig"}Fig. 3.Subacute effects of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) on the total distance travelled, number of zone transitions, and velocity following 3 different administration protocols in minipigs. The total distance traveled (A), number of zone transitions (B), and velocity (C) were measured in a 45 min period for the baseline (mean ± SD), before 0--1h, after 0--1h, and after 1--2 h of MPTP administration. MPTP (1 mg/kg) was administered subcutaneously 3 times per week in G1, once per week in G2, and once per week through the intravenous route in G3 (arrows). The test arena was divided into 12 equal zones.). The mean total number of zone transitions was reduced by 77% (range 64--94%) in G1, 78% (range 57--92%) in G2, and 89% (range 74--100%) in G3, compared to their respective baseline ([Fig. 3B](#fig_003){ref-type="fig"}). The velocity was reduced by 74% (range 65--94%) in G1, 75% (range 53--91%) in G2, and 89% (range 74--100%) in G3, compared to their respective h baseline ([Fig. 3C](#fig_003){ref-type="fig"}). However, the minipigs had fully recovered at 2 weeks (G2, G3) or 4 weeks (G1) after the last MPTP administration. In addition, the graph patterns for the 3 parameters differed only in scale ([Fig. 3](#fig_003){ref-type="fig"}), indicating that the values are correlated with each other.

All minipigs exhibited basal global activity with an average of 68% resting time, 16% slow locomotion, and 16% fast locomotion at baseline ([Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Subacute effects of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) on the ratio of movement speeds following 3 different administration protocols in minipigs. The proportion of locomotor behavior (resting, slow, fast) was calculated for a 45 min period before (baseline) and 2 h following MPTP administration. MPTP (1 mg/kg) was administered subcutaneously 3 times each week in G1, once per week in G2, and intravenously once per week in G3 (arrows).). However, the duration of resting time during MPTP administration (G1: week 1--7, G2: week 1--3, G3: week 1--4) considerably increased in all minipigs compared to their individual baseline. During the MPTP administration period, an average of 93% of time was resting (range 89--100%) in G1, 91% (range 81--97%) of time in G2 was resting, and 97% (range 93--100%) of time in G3 was resting ([Fig. 4](#fig_004){ref-type="fig"}). Similar to the results for the total distance travelled, number of zone transitions, velocity ([Fig. 3](#fig_003){ref-type="fig"}), the minipigs had recovered at 2 weeks (G2, G3) or 4 weeks (G1) after the last MPTP administration ([Fig. 4](#fig_004){ref-type="fig"}).

Physical examination
--------------------

Locomotor dysfunction can impede food intake. Therefore, we measured the body weight ([Supplementary Fig. 2A](#pdf_001){ref-type="supplementary-material"}), which increased constantly ([Supplementary Fig. 2B](#pdf_001){ref-type="supplementary-material"}). There were no serious physical side effects based on the body weight and visual inspection.

Discussion {#s4}
==========

This is a report to quantify alterations of locomotor behavior induced by MPTP administration in minipigs, using an automated video-tracking system. The video-tracking system was developed in rodent studies \[[@r1], [@r5], [@r26]\], but it was successfully used in the present study in minipigs. As shown in [Fig. 3](#fig_003){ref-type="fig"}, the total distance, number of zone transitions, and velocity were decreased by MPTP administration and increased when it was stopped, suggesting a correlation between these parameters. Additionally, it provides evidence that changes in the total distance arise from zone transition and speed. Furthermore, because the changes in the total distance do not always follow the change of the zone transition and speed in the same way, it is necessary to examine these parameters simultaneously.

Numerous MPTP administration protocols and behavioral assessments by scoring with rating scales in minipigs have been reported for modeling Parkinson's disease \[[@r8], [@r9], [@r19], [@r21]\]. However, raters may become tired and error-prone, or make subjective assessments. Although recent studies have proposed novel tools for quantifying the locomotor activity of minipigs \[[@r10], [@r18]\], these tools are difficult to access, and there is need for additional tools. This automated video-tracking system in our study also works well for large animals and has the advantages of being easy to use, higher resolution, less effort, and more delicate tracking. Additionally, as our method can be applied to the animals' home pen, no habituation is needed. The recent study showed that implantation of the telemetry device has enabled physiological signals to be monitored without side effects \[[@r30]\]. Future studies that combines an automated video-tracking system with a telemetry monitoring system would be useful to assess behavior and physiology comprehensively.

Characterization and validation of the MPTP-induced animal models for Parkinson's disease have been ongoing for the past 2 decades, and still requires further research \[[@r24], [@r27]\]. Therefore, it is necessary to attempt several protocols, including variations in doses, delivery routes, and injection schedules. The refined model can then be used to test the efficacy of potential treatments. In the present study, we advanced behavioral evaluation, using an automated video-based tracking system to assess and monitor locomotor activity in 3 different variations of the MPTP model. Furthermore, we verified that the 3 MPTP-treated minipigs consistently demonstrated alterations in locomotor behavior, including trajectory, total distance, number of zone transitions, and mean locomotor speed on the day of administration. The primary symptoms of locomotor dysfunction on the day of MPTP administration were clearly demonstrated. Parkinsonian motor syndrome occurs with the death of 50% or more of dopaminergic neurons in the substantia nigra pars compacta, which projects to the striatum. This neuronal loss produces at least an 80% dopamine reduction in primates and minipigs \[[@r11], [@r19]\], suggesting that dopaminergic cell loss is not enough to induce stable behavioral alterations in this study. Indeed, we conducted *in vivo* PET imaging for dopamine transporter using 18F-FP-CIT tracer, and found no differences between the groups (data not shown). In order to consistently induce locomotor dysfunction, more than 21 mg/kg of MPTP with over 21 administrations may be required when MPTP is administered 3 days per week by SC injections. Additionally, compared to the less frequently administered SC injection protocol in G2 and the IV protocol in G3, only G1 maintained reduced locomotor activity until 2 weeks after MPTP administration ended ([Figs. 3](#fig_003){ref-type="fig"} and[4](#fig_004){ref-type="fig"}), suggesting that repeated injections are essential regardless of whether the administration is by an SC or IV route. Furthermore, SC delivery is simpler and more practical because it is not necessary to find a blood vessel, restraint handling is easier, and it is less stressful to the animal. Therefore, systemic MPTP administration by repeated SC injection, with locomotor behavior monitored by an automated tracking system is feasible for minipig Parkinson's disease modeling.

There are several possible mechanisms for behavioral recovery after MPTP administration ended. First, relatively minor damage to the nigrostriatal pathway may be compensated for by the hypersensitivity of dopamine receptors, increased dopamine release by surviving cells, and other types of adaptive plasticity \[[@r11]\]. Additionally, recent studies of MPTP-induced monkey models of Parkinson's disease demonstrated the spontaneous behavioral recovery by compensation mechanisms such as striatal dopaminergic neurotransmission, increased expression of dopamine transporter and tyrosine hydroxylase in the dorsal striatum, and reinforcement of serotoninergic fibers \[[@r3], [@r22], [@r23]\]. These results suggest that behavioral recovery in our minipig model may occur via similar compensatory mechanisms.

Although MPTP-induced animal models have been widely used for Parkinson's disease, the high rates of symptomatic variation are problematic in large animals such as monkeys and pigs \[[@r21], [@r24]\]; thus, it may be fatal to some and recoverable in others. Moreover, there are compensatory recovery mechanisms such as the serotonin pathway and other types of adaptive plasticity, as explained above. Therefore, it is difficult to establish an MPTP-induced stable Parkinson's disease model in large animals, which might require adjustments of MPTP administration according to the severity of behavioral symptoms. In this context, our present study suggests that automatic quantification of locomotion could be a useful tool to guide adjustments of MPTP treatment for better modeling, despite its limitation of not using a better-established MPTP model. Recently, we verified the individual adjustments of MPTP administration based on the results of the automatic quantification of global activity using this video-based tracking system developed stable chronic Parkinson's disease in monkeys \[[@r27]\]. Therefore, we believe that assessment of locomotor behavior using our automated video tracking system may offer an effective approach for studies using large animals.
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